Implantation produces amorphous silicon (a-Si) near the implanted ions range. Quasi -epitaxial re -growth of a-Si takes place at HT. The V, Cr and Mn concentration profiles do not depend markedly on HP if applied below 1000 K. Marked diffusion of implanted atoms toward the sample surface is observed in the case of processing at > 1000 K under 10 5 Pa, especially in the case of Si:Cr and Si:Mn. Under HP this diffusion is even more pronounced, re-crystallization of a-Si is retarded and the a-Si / Si interface becomes enriched with metallic atoms.
Introduction
In recent years, the study of spintronic materials has been an active research area because of their potential use for spintronic devices to implement quantum computation [1] . Most investigations in this field are focused on ferromagnetic semiconductor, Ga 1-x Mn x As, and related materials [2] . Also other semiconductors / insulators such as Mn -and Cu -doped ZnO, have been reported to exhibit magnetic ordering up to room temperature [3, 4] .
Ion implantation has been introduced to fabricate magnetic semiconductors such as GaN:Mn, AlGaN:Mn, AlGaN:Cr, AlGaN:Co. Recently, also silicon implanted with Mn ions, Si:Mn, has been demonstrated to posses ferromagnetic ordering up to above room temperature [5, 6] .
It is apparent that Si -based spintronic semiconductors would have considerable advantage because Si -based integrated circuits (IC's) are massively produced so respective technology is well established in microelectronics. â³äïîâ³äíèõ ìåòàëåâèõ ³îí³â (äîçè 1x10 15 -1x10 16 ñì 2 , ç åíåðã³ºþ 160 êåÂ àáî 200 êåÂ) ó (001) îð³ºíòîâàíèé Si, ÿêèé âèðîùåíî ìåòîäîì ×îõðàëüñêîãî.
²ìïëàíòàö³ÿ ñòâîðþº àìîðôíèé êðåìí³é (a-S³) â îáëàñò³ âêëþ÷åíîãî ³îíà. Â³äáóâàºòüñÿ êâàç³-åï³òàêñèàëüíèé ïîâòîðíèé ð³ñò a-Si ïðè âèñîê³é òåìïåðàòóð³. Ïðîô³ë³ êîíöåíòðàö³¿ V, Cr ³ Ìn íå çàëåaeàòü ïîì³òíî â³ä ÃÒ ïðè òåìïåðàòóðàõ íèae÷èõ 1000 K. Ïîì³òíà äèôóç³ÿ âêëþ-÷åíèõ àòîì³â äî ïîâåðõí³ çðàçêà ñïîñòåð³ãàºòüñÿ ó âèïàäêó îáðîáêè ïðè òåìïåðàòóðàõ > 1000 K ïðè 10 5 Ïà, îñîáëèâî ó âèïàäêó Si:Cr ³ Si:Mn. Ïðè ÃÒ öÿ äèôóç³ÿ íàâ³òü á³ëüø ÿâíî âèðàaeåíà, ïåðåêðèñòàë³çàö³ÿ a-Si ñïîâ³ëüíþºòüñÿ ³ ãðàíèöÿ a-Si / Si ñòàº çáàãà÷åíîþ àòîìàìè ìåòàëó.
Îáðîáêà Si:V, Si:Cr ³ Si:Mn ïðè òåìïåðàòóðàõ ≤ 723 K ïðèçâîäèòü äî ïîì³òíîãî óïîðÿäêó-âàííÿ ôåððîìàãíåòèêà, ùî ñïîñòåð³ãàºòüñÿ òàêîae ïðè òåìïåðàòóðàõ âèùèõ 50 K. Öå îçíà-÷àº, ùî ìîaeóòü áóòè îòðèìàí³ íîâ³ ìàòåð³àëè Si-V, Si-Cr ³ Si-Ìn, ÿê³ íàëåaeàòü äî êëàñó ðîçâåäåíèõ ìàãí³òíèõ íàï³âïðîâ³äíèê³â.
Êëþ÷îâ³ ñëîâà: êðåìí³é, ³ìïëàíòàö³ÿ, âàíàä³é, õðîì, ìàðãàíåöü, òèñê, â³äïàë, ñï³íòðîí³êà. Èìïëàíòàöèÿ ñîçäàåò àìîðôíûé êðåìíèé (a-S³) â îáëàñòè âíåäðåííîãî èîíà. Ïðîèñõî-äèò êâàçè-ýïèòàêñèàëüíûé ïîâòîðíûé ðîñò a-Si ïðè âûñîêîé òåìïåðàòóðå. Ïðîôèëè êîí-öåíòðàöèè V, Cr è Ìn íå çàâèñÿò çàìåòíî îò ÃÄ ïðè òåìïåðàòóðàõ íèaeå 1000 K. Çàìåòíàÿ äèôôóçèÿ âíåäðåííûõ àòîìîâ ê ïîâåðõíîñòè îáðàçöà íàáëþäàåòñÿ â ñëó÷àå îáðàáîòêè ïðè òåìïåðàòóðàõ > 1000 K ïðè 10 5 Ïà, îñîáåííî â ñëó÷àå Si:Cr è Si:Mn. Ïðè ÃÄ ýòà äèôôóçèÿ äàaeå áîëåå ÿâíî âûðàaeåíà, ïåðåêðèñòàëëèçàöèÿ a-Si çàìåäëÿåòñÿ è ãðàíèöà a-Si / Si ñòàíî-âèòñÿ îáîãàùåííîé àòîìàìè ìåòàëëà.
Îáðàáîòêà Si:V, Si:Cr è Si:Mn ïðè òåìïåðàòóðàõ ≤ 723 K ïðèâîäÿò ê ÿâíîìó óïîðÿäî÷åíèþ ôåððîìàãíåòèêà, íàáëþäàåìîìó òàêaeå ïðè òåìïåðàòóðàõ âûøå 50 K. Ýòî îçíà÷àåò, ÷òî ìîãóò áûòü ïîëó÷åíû íîâûå ìàòåðèàëû Si-V, Si-Cr è Si-Ìn, ïðèíàäëåaeàùèå ê êëàññó ðàçáàâëåí-íûõ ìàãíèòíûõ ïîëóïðîâîäíèêîâ.
Êëþ÷åâûå ñëîâà: êðåìíèé, èìïëàíòàöèÿ, âàíàäèé, õðîì, ìàðãàíåö, äàâëåíèå, îòaeèã, ñïèíòðîíèêà.
The Si:Mn structures, prepared by implantation of silicon with Mn + , showed especially promising structural and magnetic properties [5] after annealing at high temperature under atmospheric pressure (10 5 Pa). Also processing of Si:Mn under enhanced hydrostatic pressure (HP) at high temperatures (HT) resulted in distinct magnetic hysteresis reported at cryogenic temperatures [7, 8] . Recently magnetic ordering at low temperatures has been stated also for single crystalline Czochralski grown silicon (Cz-Si) implanted with other elements of the periodic table, preceding Mn, vanadium and chromium (Si:V and Si:Cr), especially if processed under the HT -HP conditions [9] . This means that also Si:V and Si:Cr can be considered as dilute ferromagnetic materials of possible applicability in spintronics.
Our report contributes to the understanding of the compositional, structural and magnetic properties of single crystalline silicon implanted with medium dosage of vanadium, chromium and manganese ions and processed at HT -HP.
We hope it will assist in solving of still existing controversies concerning the mechanisms of ferromagnetism in ion implanted Si -based materials, the creation of specific crystalline magnetically ordered phases [10] and quasi -ferromagnetism [11] .
Experimental
To prepare Si:V, Si:Cr, co -implanted Si:V,Cr The implanted samples were then processed in inert Ar atmosphere for up to 5 hr at HT ≤ 1270 K under either 10 5 Pa or HP ≤ 1.1 GPa. The depth profiles of implanted V, Cr and Mn atoms in Si were studied by Secondary Ion Mass Spectrometry (SIMS, Cameca 5F).
The structure of Si:V, Si:Cr and Si:Mn was investigated by X-ray reciprocal space mapping (XRRSM) using a MRD-PHILIPS diffractometer. The magnetic properties at cryogenic temperatures were investigated by a SQUID magnetometer.
Results and discussion
As follows also from our earlier work [9] , the sharp minimum in the V concentration at ~ 0.20 μm below the surface is observed for Si:V processed at 870 -1270 K. The V distribution in the top 0.30 μm remains rather insensitive with respect to the processing temperatures and pressures within this temperature range (compare [9] ). Similar behavior of V is observed in the Si:V,Cr samples while diffusivity of vanadium decreases slightly with HP ( Fig. 1) . At E = 200 keV and D = (1 -2) x 10 15 cm -2 , the total energy introduced during implantation into silicon is above the amorphization threshold energy density for the implanted transition metal [12] . Therefore an amorphous (a-Si) layer is formed near the surface of single crystalline silicon (c-Si) up to a depth of about 0.25 μm.
At annealing, the a-Si layer is subjected to the solid phase epitaxial re -growth (SPER). This results in the movement of the a-c interface toward the Si surface. Since the solubility of V in crystalline Si is very low [13] , the V ions are expelled from the re -growth region at re -crystallization, as the a-c interface moves toward the surface. Through this "snow-plow" process, a minimum in the V concentration profile was formed around ~ 0.2 μm below the surface.
The excess V ions are accumulated at the a-c interface, and eventually the V concentration reach to a point, that this process no longer can push out the excess V impurity. At temperatures in the 870 -1270 K range, the a-Si layer is converted into quasi -crystalline (polycrystalline) state and the VSi 2 silicide is formed [13] .
The enthalpy of VSi 2 formation equals to 3.2 eV [13] (compare [14] ), so once formed VSi 2 remains to be stable. The similarity of the V distribution within the near -surface 0.30 μm thick layer (Fig. 1) gives strong evidence that vanadium atoms formed vanadium silicides [13] . However, at a depth exceeding 0.4 μm, the tail end of the V distribution becomes distinctly narrower. One can suppose that the concentration of V in this region is low enough so that V predominately exists in the form of individual atoms. The VSi 2 nano -clusters formed around the 0.30 μm depth, trap these excess V atoms and so attract vanadium from 0.40 to 1.0 μm depth after processing at 1070 -1270 K [9] .
In the case of Si:V, the HP treatment at 870 K does not affect markedly its microstructure, implying the presence of a layered structure composed of a-Si film on the nearly perfect Si substrate. This is in contrast with similarly treated Si:Cr. The treatment under HP results in enhanced X-ray diffuse scattering intensity from Si:Cr evidencing the presence of crystallographic defects within c-Si formed in effect of partial SPER of a-Si [9] . Possibly this is related to a little higher diffusivity of Cr in Si (~ 10 -7 cm 2 s -1 and 2.1x10 -6 cm 2 s -1 , respectively, for V and Cr at 1270 K [15] ).
As it follows from XRRSMs, processing of both Si:V and Si:Cr at 1070 -1270 K results in SPER of the a-Si layer. No marked structural differences between the re -growth region at < 0.30 μm and the single crystalline silicon substrate at the > 0.30 μm depth were detected after processing at 1270 K.
To contrast, the diffusion behavior of V in Si:V or Si:V,Cr, SIMS measurements of Si:Cr, implanted with Cr + at D = 1x10 15 cm -2 , indicate that the a-c interface movement during processing is distinctly affected by HP (compare [9] ).
In the case of Si:Mn processed at 1070 -1270 K, the effect of HP on diffusivity of Mn atoms is even more pronounced: Mn atoms diffuse faster under HP, especially at 1070 K (Fig. 2 , see also [7] ). It seems that, in the case of prolonged (5 hr) annealing under 10 5 Pa and contrary to earlier observation for the shorter time processed Si:Mn samples [7, 15] , part of Mn atoms at the > 0.25 μm depth remains at the same position as these in the as implanted sample (Fig. 2] . Possibly this is related to comparatively high solubility of Mn in Si (3x10  16 cm  -3 and 3x10   14   cm   -3 , respectively, for Mn and Cr at 1270 K [15] ) and Mn gettering on some implantation -induced defects at the depth exceeding R p . Processing of Si:V, Si:Cr and Si:Mn samples at ≤ 723 K can result in detectable ferromagnetic ordering (see also [7 -9] ). The Si:V samples processed at 723 K under 1.1 GPa indicated saturation magnetization (M s ) decreasing from 2.5x10 -5 emu cm -2 to 2.0x10 -5 emu cm -2 for temperature increasing from 5 K to 35 K [9] .
The as implanted Si:Cr sample indicates distinct magnetization with both the saturation magnetization and coercivity only slightly dependent on temperature within the 5 -50 K range.
When observing the below presented magnetization data of processed Si:Cr and Si:Mn (Figs 3  and 4) , it is needed to account for the minute size of the ferromagnetic phase within the sample, containing thin damaged buried layer enriched with implanted atoms.
In a typical SQUID measurement, in addition to the desired ferromagnetic signals, the diamagnetic contribution from the Si substrate and some other paramagnetic signals are also present. Recently it has been shown that also as implanted Si:Si and Si:Ar samples show ferromagnetic hysteresis loops. This property has been called "quasi -ferromagnetism" [11] .
It has been suggested that certain defects created during implantation are responsible for this magnetic behavior. Specific local ordering near the implanted Mn atoms in Si:Mn can be critical also in respect of magnetic ordering [16] . In our case, observed magnetic ordering of the as implanted as well as of processed Si:V, Si:Cr and Si:Mn samples can be related in part to the mentioned quasi -ferromagnetism, moreover that observed hysteresis loops are of similar shape (compare Figs 3 and 4) .
Processing of Si:V, Si:Cr and Si:Mn at ≤ 723 K results in distinctly detectable ferromagnetic ordering, detectable also above 50 K (Fig. 3) . This means that the new Si-V, Si-Cr and Si-Mn materials belonging to the family of Diluted Magnetic Semiconductors can be produced by appropriate processing at HT -HP.
Further works are, however, needed to clarify the origin of the ferromagnetism in Si:V, Si:Cr and Si: Mn, as implanted and processed at HT -HP.
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